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Abstract

The presence of ferrite in 316 austenitic stainless steel affects its magnetic permeability,
and the secondary precipitates formed by ferrite decomposition can further degrade the
corrosion resistance, limiting its application in industries such as nuclear power and
medical devices. In previous studies, the characteristics of ferrite and precipitates in
several 316 stainless steel continuous-casting billet samples with different Ni contents
were analyzed. In this work, remelting experiments were further conducted on several
316L stainless steels with different Ni contents using a tube furnace; according to the Ni
content, they are designated as L-316, M-316, and H-316 stainless steels. Metallographic
analysis and electron back-scattered diffraction (EBSD) characterization were employed.
The effects of Ni content and cooling rate on the microstructure of 316 stainless steel were
systematically investigated. The results show that for the L-316 stainless steel, the ferrite
morphologies in water-cooled, oil-cooled, air-cooled, and furnace-cooled samples change
successively as follows: skeletal and lath-like, clustered network, lath-like and clustered
network, and short rod-like. For the M-316 stainless steel remelted samples, the ferrite
morphologies are network and skeletal, network and short rod-like, semi-network and
short rod-like, and semi-network, respectively. The solidification modes of the L-316, M-
316, and H-316 stainless steel remelted samples are FA, FA, and AF modes, respectively.
Increasing Ni content reduces the ferrite content under all cooling conditions. When
the Ni content increases from 10% to 12.17%, the ferrite content decreases significantly,
with a greater reduction at higher cooling rates; when the Ni content further increases
to 14.25%, the decrease in ferrite content slows down, indicating that after Ni content
reaches a certain level, its inhibiting effect on ferrite formation weakens. The effect of
cooling rate on ferrite content depends on the solidification mode: in the FA mode, slow
cooling promotes diffusional transformation of ferrite to austenite, so the ferrite content
decreases with decreasing cooling rate—for L-316 stainless steel, the ferrite content drops
from 22.44% in the water-cooled sample to 2.71% in the furnace-cooled sample. In the AF
mode, slow cooling favors the enrichment of elements at grain boundaries and promotes
ferrite nucleation and growth; the overall trend of ferrite content increases as the cooling
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rate decreases. For the H-316 stainless steel specimens, the ferrite content is similar between
water-cooled specimens (0.36%) and oil-cooled specimens (0.26%); for air-cooled specimens,
the ferrite content increases significantly to 1.49%; and finally, it reaches 1.94% for the
furnace-cooled specimen. Regarding secondary precipitates, the phase constituents of the
L-316 stainless steel specimens after water cooling, oil cooling, and air cooling consist of an
austenite matrix and ferrite, with a secondary precipitated Chi phase forming only under
furnace cooling conditions. For the M-316 stainless steel, the Sigma phase and Chi phase
begin to form under oil cooling conditions, and the Sigma phase also precipitates in the
oil-cooled specimens of the H-316 stainless steel. In the air-cooled and furnace-cooled
specimens of both M-316 and H-316 stainless steels, the secondary precipitated phase
is the Sigma phase. All three types of water-cooled stainless steel specimens exhibited
no secondary precipitate phase; increasing the cooling rate suppresses atomic diffusion,
thereby reducing the precipitation of Chi phase and Sigma phase; however, a higher Ni
content shifts the solidification mode toward the AF mode, making secondary precipitates
more prone to form.

Keywords: 316 stainless steel; different Ni contents; ferrite content; cooling rate; solidification
mode; secondary precipitated phases

1. Introduction

Austenitic stainless steels are widely used in many industrial fields such as the petro-
chemical, medical, and nuclear power industries, owing to their excellent plasticity, tough-
ness, weldability, and corrosion resistance, as well as their relatively low thermal conduc-
tivity, magnetic permeability, and electrical conductivity [1-7]. 316 austenitic stainless
steel is developed from 304 austenitic stainless steel by adding Ni and Mo elements; the
addition of Mo enriches Mo in the passive film, thereby improving the corrosion resistance
of the austenitic stainless steel [8-12]. However, during solidification, the as-cast structure
of 316 austenitic stainless steel usually contains a ferrite magnetic phase [13-16], and the
residual ferrite is difficult to eliminate in subsequent processing. In industries that require
a non-magnetic environment, such as nuclear power [17,18], medical devices [19,20], and
high-end mobile phones, the ferrite content in 316 stainless steel is required to be less
than 1% [21-23]. In addition to affecting magnetism, the decomposition of ferrite forms
secondary precipitates such as sigma phase and M3Cg carbides [24-28], which can induce
material embrittlement and reduce corrosion resistance and mechanical properties [29-33].
Therefore, it is of great significance to study the formation mechanisms and control methods
of ferrite and precipitates in 316L austenitic stainless steel.

The morphology and content of residual ferrite in austenitic stainless steels are mainly
influenced by composition, cooling rate [34], and changes in solidification mode [35-38].
The solidification modes of austenitic stainless steels can be classified into four types—A
mode, AF mode, FA mode, and F mode—according to the precipitation sequence of ferrite
(F) and austenite (A). Among them, the AF mode and FA mode correspond to the processes
in which austenite or ferrite, respectively, nucleates and grows as the primary phase during
the initial stage of solidification. The composition of 316 stainless steel is near the eutectic
point, making its solidification mode highly sensitive to variations in composition and
cooling rate [39]. Wang et al. [40] conducted real-time observations of the solidification
process of 316L specimens with different nickel contents using high-temperature confo-
cal laser scanning microscopy (HT-CLSM) experiments and found that low-nickel 316L
stainless steel solidifies in the FA mode, while high-nickel 316L stainless steel solidifies
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in the AF mode. Brooks et al. [41] measured the Ni concentration distribution between
ferrite and austenite using scanning transmission electron microscopy and found that the
Ni content distribution in austenitic stainless steels solidified in the AF and FA modes
differs significantly. Similarly, cooling rate also affects elemental segregation behavior and
consequently influences secondary phase precipitation.

Many researchers have investigated the ferrite morphology, content, and solidification
mode of 316 stainless steels with different compositions. Chun et al. [42] studied the weld
microstructures of 316FR austenitic stainless steel with Ni contents of 12.02% and 11.50%,
and found that the 316FR stainless steel with 12.02% Ni had a ferrite content of 2.1% and
a short rod-like morphology, with the short rod-like ferrite distributed at austenite grain
boundaries and an AF solidification mode; the 316FR stainless steel with 11.50% Ni had a
ferrite content of 5.3% and a skeletal morphology, with the skeletal ferrite distributed at
dendrite centers and an FA solidification mode. In the study of Wu et al. [43], it was also
found that as-cast 316 stainless steel with 11.24% Ni exhibited a skeletal ferrite morphology
and an FA solidification mode, while as-cast 316 stainless steel with 12.72% Ni exhibited
ferrite in an isolated island-like morphology distributed at austenite grain boundaries, with
an AF solidification mode. Song et al. [44] studied a hot-rolled plate of 316L stainless steel
with 10.11% Ni and found that its ferrite content was 10% and its solidification mode was
FA. Zhang et al. [45] and Pei et al. [46] studied continuous casting slabs with a Ni content
of about 10% and found that the ferrite content varied in the ranges of 6.92-11.2% and
4.2-10.6%, respectively. Wang et al. [47] investigated 316L casting slabs with Ni contents of
13-14% and found that the ferrite content varied between 1.5% and 4.8%.

Cooling rate is also a key influencing factor on ferrite morphology, content, and
solidification mode. David et al. [48] studied the room-temperature microstructures of
austenitic stainless steels under different cooling rates. When the welding speed was
increased from 25 cm/min to 125 cm/min, the solidification mode changed from FA mode
to A mode, and with increasing cooling rate, the room-temperature microstructure was
essentially fully austenitic. Baldissin et al. [49] employed rapid solidification techniques
to study the as-cast solidification structures of 304 austenitic stainless steel. They found
that in the low-cooling-rate region, skeletal and vermicular ferrite appeared, and the
solidification mode was FA; while in the high-cooling-rate region, a fully austenitic structure
was obtained, and the solidification mode transformed to A mode. Zhu and Liang [50]
investigated the effect of cooling rate on the solidification mode of Fe-Cr-Mn-Cu series
austenitic stainless steel. In their study, the cooling rates were 0.2 °C/s, 10 °C/s, and
40 °C/s. It was found that at slower cooling rates, the solidification mode was FA, while at
faster cooling rates, the solidification mode changed. Li et al. [23] used high-temperature
laser confocal microscopy technology to study the change in volume fraction of 6-ferrite
in 316H austenitic stainless steel during cooling from 5 °C/min to 6000 °C/min. The
results showed that regardless of the cooling rate, the solidification mode of 316H was
FA mode, and the higher the cooling rate, the greater the volume fraction of d-ferrite. In
the continuous casting process, the cooling rates vary considerably at different positions,
leading to significant differences in ferrite content within the same composition slab [35].
Wang et al. [51] studied the ferrite morphology and distribution across the entire thickness
of a thick-section 316H casting slab. They found that the cooling rate gradually decreased
from 1.3 °C/s at the surface to 0.2 °C/s at the center. At the surface position, cellular
d-ferrite with a content of less than 3% was observed, while at the center, skeletal §-ferrite
with a content as high as 8% was present. Chu et al. [52] studied the distribution of
precipitates in 316L casting slabs. They found that at low cooling rates, in the center and at
the quarter-thickness positions, some ferrite transformed into sigma phase; however, at the
edge positions with high cooling rates, ferrite did not transform into sigma phase.
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In summary, there have been few studies on the effects of different Ni contents and
cooling rates on the ferrite and precipitates in 316 stainless steel. The aforementioned
studies have mainly focused on the effects of a single condition on ferrite content and
precipitates, whereas systematic comparative investigations on the formation behavior of
ferrite and precipitates in 316 stainless steel under various Ni contents and cooling rates
are still lacking.

In previous studies, analyses were performed on samples taken from three 316 stainless
steel casting slabs with different compositions and different slab shapes [53]. Because the
sampling positions differed, and the ferrite content and cooling rate varied greatly at
different locations within the slabs [54-57], it was not possible in those previous studies
to accurately analyze the effects of composition and cooling rate on the microstructure of
316 stainless steel. There is an urgent need to investigate the influence of cooling rate on the
microstructure of 316 stainless steel with different Ni contents under the same experimental
conditions. Moreover, the previous study [53] did not conduct in-depth research on the
precipitates. Based on the previous work, this study eliminates the differences arising from
different sampling positions in the slab and systematically and quantitatively investigates
the effects of Ni content and cooling rate on the ferrite content, morphological evolution,
and formation of secondary precipitates in 316 austenitic stainless steel under the same
preparation methods (water cooling, oil cooling, air cooling, and furnace cooling), while
revealing the underlying mechanisms. The ferrite content and EBSD data of H-316 cited in
this paper are used only for comparative analysis to ensure the completeness of the analysis
of microstructural evolution under different cooling conditions; all other experimental
results are newly obtained data from this study.

2. Materials and Methods

Using the three types of stainless steel cast slabs reported in a previous study [53] as
raw materials, specimens were cut for remelting experiments, and their specific compo-
sitions are listed in Table 1. The Cr, Mo, and Mn contents of the three stainless steels are
comparable: L-316, M-316, and H-316 contain 2.01%, 2.61%, and 2.73% Mo, respectively,
while their Ni contents show significant differences despite similar Mo levels, on the basis
of which they are classified into low-nickel (L-316), medium-nickel (M-316), and high-nickel
(H-316) grades.

Table 1. Chemical composition of L-316, M-316, and H-316 stainless steels (mass fraction, %).

Steel Grade C Si Mn P s Cr Ni Mo
Composition
L-316 0.022 0.52 1.14 0.035 0.001 16.58 10.00 2.01
M-316 0.049 0.37 1.61 0.015 0.001 17.50 12.17 2.62
H-316 0.059 0.58 1.20 0.027 0.011 17.13 14.25 2.73

The remelting was carried out in a high-temperature tube furnace (shown in the
schematic diagram in Figure 1): the base material was placed in an alumina crucible, which
was then inserted into the tube furnace; after evacuation, high-purity argon was introduced
for protection. The furnace was heated to 1600 °C at a heating rate of 0.2 °C/s and held for
1.5 h to ensure complete melting. During the holding period, argon gas was continuously
supplied to prevent oxidation. After complete melting, a cup sampler was used to extract
the melt, which was then subjected to water cooling, oil cooling, air cooling, and furnace
cooling, respectively, to obtain remelted ingots corresponding to the four cooling methods
for each stainless steel. The remelted ingots were cut and sampled. To ensure data accuracy,
the sampling positions, cooling methods, and specimen treatment procedures for the
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L-316 and M-316 stainless steel remelted specimens were all consistent with those for
the H-316 stainless steel remelted specimens [53], and the specimen dimensions were
10 mm x 10 mm x 10 mm.

Air outlet +— Air outlet
|
%
Air intake
| MoSi, heating
element
Arg — Graphite sleeve

Al,Oj5 crucible

Air intake .
Refractory material

Cooling water

<+ Furnace body

Figure 1. Schematic diagram of a high-temperature tubular furnace.

The as-received specimens were subjected to grinding and polishing, and then etched
in a mixed solution of 0.5 g FeCl3, 5 mL HCI, and 10 mL H,O. Subsequently, the secondary
dendrite arm spacing (SDAS) was measured using Image-Pro-Plus (IPP) software (version:
Image-Pro-Plus 7.0), with the measurement direction perpendicular to the growth direction
of the primary dendrite arms. For SDAS measurement, at least 5 fields of view and no
fewer than 100 secondary dendrite arms were randomly selected from each specimen,
and the average value was calculated for subsequent analysis. The ferrite content was
determined by a metallographic method [58]: at least 10 fields of view on the specimen
surface were observed under a ZEISS AX10 optical microscope (at 100 x magnification)
(ZEISS, Oberkochen, Germany). During image analysis with IPP software, a manual
threshold segmentation method was adopted: the threshold separating the austenite matrix
(gray) from the ferrite phase (black) was selected based on the grayscale histogram. The
threshold settings were performed by the same operator under identical lighting conditions
to ensure consistency. The ferrite content (volume fraction) in each field was measured using
IPP software, after which the average value was calculated. For further microstructural
analysis, the pre-ground and polished specimens were electropolished in a 10 vol% HClO4
ethanol solution (polishing voltage: 25 V, polishing time: 20 s). The treated samples were
then examined by electron backscatter diffraction (EBSD) using a JEOL IT500 electron
microscope (accelerating voltage: 20 kV, working distance: 15 mm, sample tilt: 70°, step
size: 0.1-0.5 pm) (JEOL, Tokyo, Japan) to obtain the crystallographic orientation and phase
precipitation information for each specimen.

3. Results
3.1. Metallographic Observation Results

Metallographic observations were conducted on the remelted specimens of L-316, M-
316, and H-316 stainless steels, with the results shown in Figures 2—4, respectively. In these
figures, the gray matrix is the austenite phase, and the black structures are the ferrite phase.

As shown in Figure 2, the ferrite morphology and distribution vary considerably
among the remelted specimens of L-316 stainless steel. In the water-cooled, oil-cooled, and
air-cooled specimens, the ferrite dendrites are fine and densely distributed, whereas in the
furnace-cooled specimen, the ferrite dendrites are larger and more sparsely distributed.
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From Figure 2a,b, it can be seen that the ferrite morphology in the water-cooled L-316
specimen is mainly skeletal and lath-like structures; in the oil-cooled specimen, the ferrite
morphology is predominantly a cluster-network structure; in the air-cooled specimen, the
ferrite morphology exhibits a combination of lath-like and cluster-network structures; and
in the furnace-cooled specimen, the ferrite morphology differs significantly from the other
three, appearing mainly as a small amount of short rod-like structures.

Figure 2. Metallographic observations of the remelted L-316 stainless steel specimens: (a) water-
cooled; (b) oil-cooled; (c) air-cooled; (d) furnace-cooled.

Figure 3. Metallographic observations of the remelted M-316 stainless steel specimens: (a) water-
cooled; (b) oil-cooled; (c) air-cooled; (d) furnace-cooled.

Figure 3 presents the metallographic observations of the remelted M-316 stainless steel
specimens. Compared with the ferrite morphologies of the L-316 remelted specimens in
Figure 2, it is evident that the ferrite content and distribution uniformity in all the M-316
remelted specimens are significantly reduced. From Figure 3a,b, it can be seen that the
ferrite morphologies of the M-316 remelted specimens are slightly different, and the ferrite
dendrites gradually increase in size. The ferrite morphology in the water-cooled M-316
specimen is mainly a network structure with a small amount of skeletal structure; in the
oil-cooled specimen, it is a small amount of network and short rod-like structures; in the
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air-cooled and furnace-cooled specimens, the ferrite morphology is mainly short rod-like
and semi-network structures. From Figure 3d, it can be clearly observed that the ferrite in
the furnace-cooled M-316 specimen is unevenly distributed internally, and the ferrite may

have decomposed.

Figure 4. Metallographic observations of the remelted H-316 stainless steel specimens: (a) water-
cooled; (b) oil-cooled; (c) air-cooled; (d) furnace-cooled.

Figure 4 presents the metallographic observations of the remelted H-316 stainless
steel specimens. The ferrite content and distribution uniformity of the H-316 remelted
specimens are further decreased compared with those of the M-316 specimens in Figure 3.
From Figure 4a,b, it can be seen that the ferrite dendrites in all the H-316 remelted specimens
also gradually increase in size. In the water-cooled and oil-cooled specimens, only a very
small amount of ferrite can be observed, and the ferrite is mainly distributed in a short
rod-like form along the austenite grain boundaries. In the air-cooled and furnace-cooled
H-316 specimens, a small amount of short rod-like and granular ferrite can be observed,
also located only at the austenite grain boundaries.

Based on the closely arranged skeletal and network structures observed in the remelted
L-316 and M-316 stainless steel specimens, it can be determined that their solidification
mode is the FA mode [59]. In contrast, the ferrite distributed as short rod-like and granular
shapes along the austenite grain boundaries in the remelted H-316 stainless steel specimen
indicates that its solidification mode is the AF mode.

3.2. Cooling Rate and Ferrite Content

The effect of cooling rate on the residual ferrite content is relatively complex. Currently,
researchers often use the secondary dendrite arm spacing (SDAS) in the solidification
structure to indirectly estimate cooling rate [51], mainly through Equation (1) [60,61]. The
constants in Equation (1) were obtained by regression analysis of experimental data on
the solidification of stainless steel slabs, with the cooling rate range covered in that study
being approximately 0.7 °C/s to 40 °C/s. The cooling rates in this study mostly fall within
this range; only the furnace-cooled specimens from three different stainless steels exhibit
cooling rates slightly below this range.

Ay = 44y 038 )

where A, is SDAS (unit: pm) and v is the cooling rate (unit: °C/s).
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As shown in Figure 5, the ferrite contents of the water-cooled, oil-cooled, air-cooled,
and furnace-cooled L-316 stainless steel specimens are 22.44%, 19.06%, 17.88%, and 2.71%,
respectively, with corresponding cooling rates of 8.6, 6.85,2.98, and 0.16 °C/s. It can be seen
that the ferrite content of the L-316 remelted specimens is generally high and decreases with
decreasing cooling rate. From the results in Figure 6, the ferrite contents of the water-cooled,
oil-cooled, air-cooled, and furnace-cooled M-316 specimens are 4.9%, 2.42%, 2%, and 1.48%,
respectively, and the corresponding cooling rates are 25.12, 9.9, 2.46, and 0.1 °C/s. Similarly,
the ferrite content of the M-316 remelted specimens decreases with decreasing cooling rate,
but its ferrite content is much lower than that of the L-316 remelted specimens. Figure 7
presents the ferrite contents and cooling rates of the H-316 remelted specimens. The ferrite
contents of the water-cooled, oil-cooled, air-cooled, and furnace-cooled specimens are
0.36%, 0.26%, 1.49%, and 1.94%, with corresponding cooling rates of 25.1, 11.49, 3.52, and
0.1 °C/s. The ferrite content of the H-316 remelted specimens is again lower than that of
the M-316 remelted specimens. However, unlike L-316 and M-316, the ferrite content of the
H-316 remelted specimens increases with decreasing cooling rate. This different trend may
be related to the fact that its solidification mode is different from that of L-316 and M-316,
and this will be analyzed in Section 4.1 of the discussion.

10
o5 k —o— Ferrite content(%)
8.6 % 2.44 —&— Cooling rate(°C/s)
18
“1 é 2.0 17.88
S 6.83 \% : -
< S
S15F 16 %
g 2
Q —
o o0
2t FA Mode 1, £
£ =}
. 3
Q
- 2.98 @
5k
§ 27142
O -
1 | L 0.16% 0
Water cooling Oil cooling Air cooling Furnace cooling
L-316

Figure 5. Ferrite content and cooling rate of the remelted L-316 stainless steel specimens.
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Figure 6. Ferrite content and cooling rate of the remelted M-316 stainless steel specimens.
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Figure 7. Ferrite content and cooling rate of the remelted H-316 stainless steel specimens.

Figure 8 shows a three-dimensional distribution diagram of the ferrite content in the
remelted specimens of L-316, M-316, and H-316 stainless steels. It can be seen that the
ferrite content is highest in the water-cooled L-316 specimen and lowest in the water-cooled
H-316 specimen. From the peak ferrite contents of the remelted specimens of L-316, M-316,
and H-316 stainless steels in the three-dimensional distribution diagram, it is evident that
as the Ni content increases, the ferrite content of the remelted specimens under each cooling
medium decreases. When the Ni content increases from 10% in L-316 to 12.17% in M-316,
the ferrite content of all remelted specimens decreases significantly, and the decrease is
more pronounced in cooling media with higher cooling rates. When the Ni content further
increases from 12.17% in M-316 to 14.25% in H-316, the ferrite content of the remelted
specimens also decreases, but the extent of the decrease is much reduced. This indicates
that once the Ni content reaches a certain level, its inhibitory effect on ferrite formation

is weakened.

18.04

0

&

()

4.660

2430

0.2000

Ferrite ¢, onten

Water

cooling

Oil

o, cooling

Furnace
H-316 v

cooling
Figure 8. Three-dimensional distribution diagram of ferrite content in the remelted L-316, M-316,

and H-316 stainless steel specimens.

3.3. Secondary Phase Precipitation
EBSD was used to examine and analyze the water-cooled, oil-cooled, air-cooled, and
furnace-cooled specimens of L-316 and M-316 stainless steels, in order to observe the phase
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precipitation in the remelted specimens under different cooling conditions. The results are
shown in Figures 9 and 10.

Figure 9. EBSD phase analysis results of the remelted L-316 stainless steel specimens. (a) Water-cooled;
(b) oil-cooled; (c) air-cooled; (d) furnace-cooled.

Figure 10. EBSD phase analysis results of the remelted M-316 stainless steel specimens. (a) Water-
cooled; (b) oil-cooled; (¢) air-cooled; (d) furnace-cooled.

Figure 9 presents the EBSD phase analysis results of the L-316 remelted specimens. As
shown in Figure 9a, the phase composition of the water-cooled L-316 specimen consists of
an austenite matrix and ferrite, with ferrite being extensively distributed and exhibiting fine
dendrites, and no secondary precipitated phases are present. Owing to the relatively high
cooling rate under water cooling conditions, the ferrite precipitated at high temperatures
did not have sufficient time to grow, and thus was retained, with relatively fine grains.
From Figure 9b,c, it can be seen that the phase compositions of the oil-cooled and air-cooled
L-316 specimens are also austenite matrix and ferrite, with no secondary precipitated
phases observed. However, as shown in Figure 9d, Chi-phase precipitation is observed at
the ferrite/austenite phase interfaces in the furnace-cooled L-316 specimen. The secondary
precipitated phase appears in the furnace-cooled specimen, which has the lowest cooling
rate among the L-316 remelted specimens.
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Analysis of the water-cooled M-316 specimen in Figure 10a indicates that its phase
composition consists of an austenite matrix and a small amount of ferrite. Figure 10b
presents the EBSD results of the oil-cooled specimen; in addition to the austenite matrix
and some ferrite, secondary precipitated Sigma phase and Chi phase are detected, and a
coupled structure formed by ferrite and Chi phase can be observed. Figure 10c,d shows
the EBSD results of the air-cooled and furnace-cooled specimens, respectively. In the
air-cooled specimen, the phase composition includes an austenite matrix, ferrite, and a
secondary precipitated Sigma phase, but no Chi phase is found, and the Sigma phase is
distributed within the austenite grains. In the furnace-cooled specimen, the secondary
precipitated phase is also only Sigma phase; however, it is characterized by more extensive
decomposition of ferrite, with a higher degree of transformation into Sigma phase, and this
phase is mainly precipitated along the austenite grain boundaries.

Previous research [53] has found that the phase constitution of the water-cooled H-316
specimen consists only of austenite matrix and a very small amount of ferrite; in the oil-
cooled and air-cooled H-316 specimens, a small amount of ferrite transforms into Sigma
phase; and in the furnace-cooled specimen, a larger amount of ferrite has transformed into
Sigma phase. Comparing the secondary precipitation results of the L-316, M-316, and H-316
remelted specimens, it can be seen that Ni content and cooling rate have certain effects on
the secondary precipitated phases. This will be analyzed in Section 4.2 of the discussion.

Previous studies reported that the ferrite contents of H-316 stainless steel under water
cooling, oil cooling, air cooling, and furnace cooling were 0.36%, 0.26%, 1.49%, and 1.94%,
respectively. Among these, the ferrite contents in the water-cooled and oil-cooled specimens
were extremely low, making it difficult to effectively distinguish ferrite from the austenite
matrix by conventional metallographic methods. Therefore, EBSD analysis (Figure 11) was
employed to confirm this, and the results indicated that the volume fractions of ferrite in
both specimens were already below 1%.

[“Sigma |
) e T

Figure 11. EBSD phase analysis results of the remelted H-316 stainless steel specimens [53]. (a) Water-
cooled; (b) oil-cooled; (¢) air-cooled; (d) furnace-cooled.

Table 2 summarizes the ferrite content, cooling rate, and phase precipitation of the
remelting experiments for L-316, M-316, and H-316 stainless steels. It can be seen from
the table that there are considerable differences in ferrite content, cooling rate, and phase
precipitation among the remelted specimens obtained by solidification using the same
cooling method for the different compositions of 316 stainless steels. The effects of Ni
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content and cooling rate on the ferrite content and phase precipitation of 316 stainless steel

will be discussed in the Section 4.

Table 2. Ferrite content, cooling rate, and phase precipitation of the remelting experiments for L-316,

M-316, and H-316 stainless steels.

Sample Ferrite Standard Deviation Cooling Phase
Content (%) of Ferrite Content (%) Rate (°C/s) Constitution
Water cooling 22.44 1.21 8.60 Y+5
Oil cooling 19.06 1.58 6.85 Y+50
L-316 Air cooling 17.88 2.20 2.98 y+5
Furnace Cooling 2.71 0.92 0.16 Y+o+X
Water cooling 4.90 1.10 25.12 Y+
M-316 Oil cooling 242 0.59 9.90 Y+0+0+%
Air cooling 2.00 0.82 2.46 Y+o+0
Furnace Cooling 1.48 0.59 0.10 Y+d+o0
Water cooling 0.36 0.10 25.10 Y+
Oil cooling 0.26 0.09 11.49 Y+0+0
H-316 Air cooling 1.49 0.23 352 y+5+0
Furnace Cooling 1.94 0.42 0.10 Y+d+0

4. Discussion

In this study, four cooling media, namely water cooling, oil cooling, air cooling, and
furnace cooling, were employed to achieve different ranges of cooling rates, which is a com-
mon research method [62,63]. It is worth noting that even when the same cooling medium
(i.e., the same preparation method) was used, the actual cooling rates of stainless steels
with different Ni contents still exhibited certain differences (see Table 2). In the present
study, when analyzing the effects of Ni content and cooling rate on ferrite content, the
cooling medium category was used as the basis. Moreover, the relatively large differences
in cooling rates among the water-cooled specimens of L-316, M-316, and H-316 stainless
steels are mainly attributed to the fact that the relationship between SDAS and cooling
rate is an empirical correlation, which is controlled not only by external cooling conditions
but also by factors such as alloy composition, solute segregation, width of the liquid-solid
two-phase region, dendrite coarsening behavior, and elemental diffusion kinetics. This
leads to differences in the effective cooling rates calculated using the empirical formula.
Furthermore, the method of deriving cooling rates from SDAS itself has certain limitations.
The empirical formula employed was established under specific alloy systems and experi-
mental conditions; applying it to 316 austenitic stainless steels with different Ni contents
inevitably introduces certain errors. Therefore, the subsequent discussion will continue to
be based on the specimen preparation methods.

4.1. Effect of Composition and Cooling Rate on Ferrite Content

Nickel, as a core austenite-stabilizing element, is a key factor determining the solidifi-
cation mode and the residual ferrite content of 316 stainless steel. In previous work [53],
the equilibrium solidification modes of L-316, M-316, and H-316 stainless steel slabs were
calculated using the Thermo-Calc thermodynamic (version: Thermo-Calc 2025a ) software
as FA, FA, and AF modes, respectively; however, the solidification mode of the M-316
ingot specimen was ultimately judged to be AF mode based on the ferrite morphology
(short rod-like distribution along austenite grain boundaries). It has been reported in the
literature [16,47] that the solidification mode may change within the interior of 316 stainless
steel slabs, so determining the solidification mode solely from the ferrite morphology of
a single specimen is inaccurate. In previous work [53], the Cr equivalent/Ni equivalent

https://doi.org/10.3390/ cryst16080508


https://doi.org/10.3390/cryst16080508

Crystals 2026, 16, 508

13 of 19

(Creq/Nieq) ratio of M-316 was calculated using the empirical formula for chromium and
nickel equivalents proposed by Hammer-Svensson [64], and was found to be located ex-
actly at the boundary between the AF and FA modes (approximately 1.48). At this critical
composition, the solidification mode is highly sensitive to local conditions; therefore, the
determination based solely on the AF morphology at a single location in the previous work
had limitations. In the present study, remelting experiments were conducted to eliminate
the differences arising from slab positions. Based on the Creq/Nieq ratio, the results of
Thermo-Calc thermodynamic calculations for the FA solidification mode, and the closely
arranged skeletal and network structures observed in all remelted specimens of L-316 and
M-316 stainless steels, it was ultimately determined that the solidification mode of the
L-316 and M-316 remelted specimens is the FA mode; and based on the ferrite distributed
as short rod-like and granular shapes along the austenite grain boundaries in the remelted
H-316 specimens, its solidification mode is determined to be AF mode. Thus, the actual
solidification modes of the remelted L-316, M-316, and H-316 stainless steel specimens in
this experiment are consistent with the Thermo-Calc thermodynamic calculations.

The previous work [53] has calculated the Creq/Nieq equivalent ratios of L-316, M-316,
and H-316 stainless steels as 1.7, 1.48, and 1.4, respectively. As the nickel content increases,
the Creq/Nieq equivalent ratio continuously decreases, causing the solidification mode to
shift from FA mode to AF mode, and the ferrite-forming ability is substantially weakened.
In the low-nickel (L-316) stainless steel with FA solidification, ferrite is the primary phase;
the water-cooled specimen has a ferrite content as high as 22.44%. In the medium-nickel
(M-316) stainless steel, which still retains the FA solidification mode, the competitive
nucleation capability of austenite is enhanced, but the peak ferrite content is only 4.9%.
In the high-nickel (H-316) stainless steel, which transforms to the AF solidification mode,
austenite precipitates preferentially, and ferrite only precipitates in small amounts along
the interdendritic regions, with the water-cooled specimen having a ferrite content as low
as 0.36%, indicating that nickel exerts a significant inhibitory effect on ferrite formation.

Furthermore, the effect of cooling rate on ferrite content exhibits opposite trends in
the FA and AF modes. In L-316 and M-316 stainless steels (FA mode), the ferrite content
decreases with decreasing cooling rate: for L-316, the water-cooled specimen (8.6 °C/s) has
22.44% ferrite, while the furnace-cooled specimen (0.16 °C/s) has only 2.71%; for M-316, the
water-cooled specimen (25.12 °C/s) has 4.9%, and the furnace-cooled specimen (0.1 °C/s)
has 1.48%. The water cooling process involves a very high cooling rate, which is equivalent
to quenching in heat treatment, allowing the high-temperature ferrite to be retained and
thus considered as the initial ferrite. According to thermodynamic calculation results [53]
and previous research [65], the cooling rate mainly affects the diffusional transformation
from d-ferrite to austenite after solidification. Under furnace cooling conditions, the ferrite
content decreases; observations reveal an increase in the secondary dendritic spacing and
dendrite coarsening of the ferrite phase (as shown in Figures 2 and 3), indirectly indicating
that the austenite grain size also increases. It is likely that slow cooling promotes element
diffusion, thereby accelerating the 6—y transformation. Within the cooling-rate range
of this study, the promoting effect of prolonged diffusion time on ferrite decomposition
outweighs the hindering effect of increased diffusion distance, so under slow cooling
conditions the transformation of ferrite to austenite is more complete, resulting in lower
residual ferrite content [66—68]. In contrast, in H-316 stainless steel (AF mode), the ferrite
content increases with decreasing cooling rate: the water-cooled specimen (25.1 °C/s) has
only 0.36%, while the furnace-cooled specimen (0.1 °C/s) has 1.94%. In the AF mode,
ferrite forms only at austenite grain boundaries during the final stage of solidification,
and its content is mainly determined by the enrichment of ferrite-forming elements in the
remaining liquid phase at the end of solidification. The lower the cooling rate, the more
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fully the elements diffuse in the liquid, and the more sufficient the nucleation and growth
of ferrite, so the ferrite content increases with decreasing cooling rate [41,69,70].

4.2. Effect of Composition and Cooling Rate on Secondary Phase Precipitation

In a previous study [53], the precipitated phases in austenitic stainless steels were
not analyzed in depth. The results presented in Figures 9 and 10 and Table 2 show that
the types and amounts of secondary precipitated phases in the three remelted stainless
steel specimens are affected by the combined influence of Ni content and cooling rate. The
underlying reason is that the solidification mode determines the distribution and stability
of ferrite. From the perspective of solidification mode, L-316 stainless steel (FA mode)
exhibits only a very small amount of Chi phase under furnace cooling conditions, whereas
M-316 stainless steel begins to precipitate Chi phase and Sigma phase under oil cooling
conditions, and similarly, Sigma phase formation is observed in H-316 stainless steel under
oil cooling conditions. This difference is closely related to the micro-segregation behavior
of alloying elements during different solidification modes. In the FA solidification mode,
ferrite forms as the primary phase, with a relatively uniform distribution of ferrite-forming
elements, resulting in a weak driving force for transformation to Chi phase and Sigma
phase. In contrast, in the AF solidification mode, austenite nucleates and grows as the
primary phase; since austenite has a lower solubility for ferrite-forming elements, these
elements are continuously rejected into the remaining liquid during austenite growth,
ultimately forming significant elemental enrichment at austenite grain boundaries, which
makes ferrite prone to decomposition and transformation. In this study, the Ni content
increases from 10.00% in L-316 to 14.25% in H-316. As an austenite-stabilizing element,
Ni expands the austenite phase field, making the AF solidification mode more stable and
intensifying microsegregation. This also explains why Sigma phase can precipitate in H-316
at relatively high cooling rates, whereas only a small amount of Chi phase appears in L-316
under furnace cooling.

From the perspective of cooling rate, in L-316 stainless steel (FA mode), Chi phase
precipitation occurs only under furnace cooling (0.16 °C/s), while no secondary phases
are found in the water-cooled, oil-cooled, or air-cooled specimens. This is because the
formation of Chi phase and Sigma phase is a solid-state phase transformation controlled
by elemental diffusion, which requires long-range migration of atoms of various elements.
Higher cooling rates limit the kinetic conditions for atomic diffusion, thereby preventing
ferrite from transforming into Chi or Sigma phase [52,65]. In M-316 stainless steel, because
the solidification mode in some regions tends toward AF mode, elemental enrichment
at grain boundaries increases, allowing Chi phase and Sigma phase to be observed even
under oil cooling (9.9 °C/s). As the cooling rate is further reduced to air cooling (2.46 °C/s)
and furnace cooling (0.1 °C/s), the transformation of ferrite to Sigma phase becomes more
complete. The Chi phase serves as a precursor for the Sigma phase; upon complete element
diffusion, it transforms into the more stable Sigma phase. For H-316 stainless steel (AF
mode), due to elemental enrichment at grain boundaries, the kinetic barrier for Sigma phase
precipitation is low; Sigma phase forms under oil cooling (11.49 °C/s), whereas under water
cooling, the extremely high cooling rate effectively suppresses atomic diffusion, so that
ferrite is retained without transforming into precipitated phases. In summary, increasing
the cooling rate can effectively reduce or even avoid the precipitation of Chi phase and
Sigma phase by suppressing atomic diffusion. However, a higher Ni content promotes
a shift toward the AF solidification mode, making the formation of precipitated phases
more favorable.
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4.3. Future Work

This study systematically reveals the effects of Ni content and cooling rate on ferrite
and secondary precipitates in 316 stainless steel, and some aspects can be explored further
in the future. First, M-316 stainless steel is near the critical composition for the transition
between FA and AF solidification modes (Creq/Nieq &~ 1.48). In future work, a series
of alloys with more varied Ni contents can be designed, combined with Thermo-Calc
calculations and in situ observation experiments, to precisely locate the boundary of the
solidification mode transition. The design of Mo content could also be considered in future
work. In the future, statistical methods such as response surface methodology or machine
learning could also be employed for composition optimization design [71-73], which is
also part of our ongoing research. Moreover, in H-316 stainless steel, which mainly exhibits
the AF solidification mode, the identification of the x phase and o phase currently relies
primarily on EBSD crystallographic indexing. In the future, they can be studied in depth
using methods such as transmission electron microscopy [74-76]. However, since the
present study focuses on ferrite, this aspect is not explored in detail for now.

5. Conclusions

1.  The ferrite morphologies of the L-316 stainless steel water-cooled, oil-cooled, air-
cooled, and furnace-cooled specimens change as follows: skeletal and lath-like, cluster-
network, lath-like and cluster-network, and short rod-like. The corresponding ferrite
contents are 22.44%, 19.06%, 17.88%, and 2.71%, respectively. For the M-316 stainless
steel specimens, the ferrite morphologies under water-cooled, oil-cooled, air-cooled,
and furnace-cooled conditions are network and skeletal, network and short rod-like,
semi-network and short rod-like, and semi-network, with ferrite contents of 4.9%,
2.42%, 2%, and 1.48%, respectively.

2. The actual solidification modes of the L-316, M-316, and H-316 remelted specimens
are FA, FA, and AF modes, respectively. Increasing the Ni content reduces the ferrite
content of the remelted specimens under different cooling media: when the Ni content
increases from 10% to 12.17%, the ferrite content decreases significantly, with the
water-cooled ferrite content dropping from 22.44% in L-316 to 4.9% in M-316, and the
decrease is more pronounced under cooling media with higher cooling rates. When
the Ni content is further increased to 14.25%, the ferrite content continues to decrease
(from 4.9% in M-316 to 0.36% in H-316 under water cooling), but the extent of the
decrease is reduced. This indicates that once the Ni content reaches a certain level, its
inhibitory effect on ferrite formation is weakened.

3. The phase composition of the water-cooled, oil-cooled, and air-cooled L-316 specimens
consists of an austenite matrix and ferrite, with secondary Chi phase forming only
under furnace cooling conditions. M-316 stainless steel begins to form the Sigma and
Chi phases under oil cooling conditions; similarly, H-316 stainless steel oil-cooled
specimens also exhibit precipitation of the Sigma phase. For M-316 and H-316 stainless
steel specimens subjected to air cooling and furnace cooling, the secondary precipitate
phase is the Sigma phase. A higher Ni content promotes the transition of the solidifi-
cation mode toward the AF mode, making the formation of secondary precipitated
phases more favorable.

4.  The effect of cooling rate on ferrite content is governed by the solidification mode,
and the trends for the two modes are completely opposite. In the FA solidification
mode, a lower cooling rate allows more sufficient diffusion transformation of ferrite to
austenite, resulting in lower residual ferrite content. In the AF solidification mode, a
lower cooling rate favors elemental enrichment at grain boundaries during the final

https://doi.org/10.3390/ cryst16080508


https://doi.org/10.3390/cryst16080508

Crystals 2026, 16, 508 16 of 19

stage of solidification, promoting the nucleation and growth of intergranular ferrite,
so the overall ferrite content increases as the cooling rate decreases.
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